of Gram-positive pathogens is DNA polymerase PolC. We purified the PHP domain 23 from PolC (PolC PHP ), and showed that this competes away FQE inhibition of CpsB 24 phosphatase activity. Furthermore, we showed that this domain hydrolyses the 5'-p-25 nitrophenyl ester of thymidine-5'-monophosphate (pNP-TMP), which has been used 26 as a measure of exonuclease activity. Finally, we showed that FQE not only inhibits 27 the phosphatase activity of CpsB, but also ability of PolC PHP to catalyse the hydrolysis 28 of pNP-TMP. This suggests that PolC may be the essential target of FQE, and that the 29
Introduction 38
The search for novel antimicrobials is of the utmost importance with ever-increasing 39 confirmed by DNA sequencing. pQE30:PolC PHP was then transformed into M15. For 119 induction, an overnight culture was subscultured 1/20 for 2 hrs (OD600 ≈ 0.4) at 120 37°C, and then transferred to 20 °C where it was induced for 16 hrs with 1 mM IPTG. 121 6 L were then pelleted (8000g for 20 min) and resuspended in phosphate buffer pH 122 7.4, 500 mM NaCl and 20 mM imidazole. Bacteria were lysed in a Constant Systems 123
Cell Disruptor constant pressure cell, and the soluble recombinant protein was 124 purified using an AKTA prime plus (GE Life Sciences) with a HiTrap column as 125 described by the manufacturer. Protein was eluted using gradient elution performed 126 up to 500 mM imidazole. SDS-PAGE analysis was used to identify the fractions 127 containing purified PolC PHP and then these were dialysed into 20mM Tris pH 8, with 128 50% glycerol and subsequently stored at -20 °C in aliquots. Final concentration was 129 0.04 mg/mL, with purity estimated at > 90%. Protein concentration was estimated by 130 comparing to known concentration of BSA. 131 132
pNP-TMP assay 133
The hydrolysis of pNP-TMP by PolC PHP was investigated using assays as described 134 previously [16] . Assays were routinely carried out in duplicate in 100 µl volumes in a 135 96 well microtitre tray, with change in OD 420 monitored every minute on a 136
Powerwave XS (Biotek) at 25 °C. Assay buffer consisted of 50 mM Tris pH 8, 150 137 mM NaCl and 1 mM DTT. pNP-TMP (Sigma, cat no. T4150) was diluted with assay 138 buffer (50mM Tris pH 8, 150 mM NaCl), and stored in single use aliquots. Initial 139 rates were estimated by reading A 420 at t = 10 min versus t = 0 min. 
Results

158
Alignment of CpsB and PolC from S. pneumoniae 159
The recent structure of Geobacillus kaustophilus PolC (PDB: 3F2B) has illustrated 160 that it contains numerous domains, including a PHP domain which is bisected by the 161 region necessary for the exonuclease activity of the protein ( Figure 1A) [11]. As we 162 postulated that an inhibitor of CpsB phosphatase activity may also inhibit the function 163 of fellow PHP domain member PolC, we aligned published structures of the two 164 proteins as well as their four conserved motifs as determined by Aravind & Koonin 165
[5] (Figures 1B & 1C) . While there is a published structure of CpsB from S. 166 pneumoniae, we used the PolC structure from Geobacillus kaustophilus, which 167
Phyre2 predictions mapped with 100% accuracy to S. pneumoniae PolC, as well as Initially, we attempted to clone and express full length S. pneumoniae PolC protein, 182 however, while a clone was successfully produced, we were not able to induce 183 expression in a range of E. coli strains (data not shown). As we were interested 184 specifically in the PHP domain, we cloned and expressed the PHP domain from S. 185 pneumoniae D39 PolC (aa 339-808) as a His6-tagged protein. While the majority of 186
PolC PHP was insoluble after induction (approximately 90%), we were able to purify a 187 significant quantity from the soluble fraction with > 90% purity as judged by 188
Coomassie blue stained PAGE (Figure 2A) CpsB phosphatase activity and counteracted the inhibitory effect of FQE ( Figure 2B) . 197
This suggested that PolC PHP was able to bind or sequester FQE. Addition of BSA to 198 the assay did not produce such effects (data not shown). Figure 2C ). This also correlates with the 225 phosphatase activity of CpsB, with Mn 2+ being the metal ion of preference for optimal 226 phosphatase activity [15] . 227
228
FQE inhibits PolC PHP activity 229
Having developed a suitable assay to measure PolC PHP activity, we investigated the 230 ability of FQE to inhibit this activity. FQE was able to inhibit the ability of PolC PHP to 231 catalyse the hydrolysis of pNP-TMP. FQE was confirmed to be a competitive 232 inhibitor using Lineweaver-Burk analysis (Supplementary Figure 1) . Although it was 233 unlikely that FQE was acting as a chelator as we used bacterium. As PolC, and in particular the PHP domain of PolC, is known to be 266 essential, we hypothesised that this domain was another target of FQE. Indeed, the 267 PHP domains from these proteins are highly similar, both structurally as well as 268 through sequence conservation (Figure 1B & 1C) . While we were unsuccessful in 269 purifying whole PolC from S. pneumoniae, we were able to purify sufficient 270 quantities of a truncated form of PolC containing the PHP domain. While PolC PHP did 271 not show any activity against pNPP, the addition of PolC PHP to FQE-CpsB 272 phosphatase inhibitor assays significantly increased phosphatase activity (Figure 2B) , 273
suggesting PolC PHP was able to sequester FQE and decrease inhibition of CpsB. This 274 provided the first evidence that FQE was able to bind the DNA polymerase PolC. termini, this method provides a simple continuous method that can be monitored on a 283 spectrophotometer. We found that PolC PHP was able to hydrolyse pNP TMP. The 284 recorded Km of 1.94 was not dissimilar to that reported for other enzymes previously 285
shown to hydrolyse pNP TMP [16, 19] . There was also other similarities with these 286 enzymes, with PolC PHP 's ability to hydrolyse pNP TMP showing an absolute 287 dependence on the presence of a metal ion. While the addition of Mg 2+ promoted 288 some activity, the best ion by far was Mn 2+ , as for other assayed enzymes. 289
Additionally, the optimum pH was pH 8. Interestingly, as well as showing similar 290 characterisitics to other exonucleases assayed with this substrate, all these 291 characteristics are the same as that seen for PHP domain family member CpsB, when 292 we are assaying the PTP's ability to catalyse the hydrolysis of pNPP. 293
When we investigated if FQE inhibits the ability of PolC PHP to hydrolyse pNP TMP, 295 we found that it did so with a similar IC 50 to that of CpsB phosphatase activity. Ki for 296 FQE (Ki PolCPHP = 2.1 µM and Ki CpsB = 4 µM) were also similar. This suggests that 297 FQE is a general PHP domain inhibitor, as it is able to inhibit two different activities 298 of two different enzymes at similar concentrations. Furthermore, this also provides 299 further evidence that while the PHP domain of PolC is not sufficient for exonuclease 300 
